S
treptococcus pneumoniae and Neisseria meningitidis remain the most common vaccine-preventable childhood invasive bacterial infections in New Zealand. 1 Before routine Haemophilus influenzae type B (Hib) vaccination, Hib was a substantial cause of invasive bacterial disease in childhood. 2 The clinical presentation of these infections is broad and includes meningitis, septicemia and septic shock. [3] [4] [5] Since the early 1990s, vaccines for Hib, N. meningitidis and S. pneumoniae have been sequentially introduced onto the national immunization schedule in New Zealand. 6 The Hib conjugate vaccine was introduced in January 1994 in a 3 + 1 schedule.
7 A strainspecific meningococcal outer membrane vesicle vaccine (MeNZB) was introduced in July 2004 and discontinued in 2008, in response to a group B meningococcal disease epidemic where 86% of cases were because of a single subtype (P1.7b4). 8 It was originally available in 3 doses to all New Zealanders under 20 years of age. In 2006, administration was restricted to infants, in 3 doses given 6 weeks apart, before being discontinued in 2008. High-risk groups were still able to receive the vaccine until 2011. [9] [10] [11] [12] [13] The 7-valent pneumococcal conjugate vaccine (PCV7) was introduced in New Zealand in June 2008 using a 3 + 1 schedule. In 2011, this was changed to a 10-valent vaccine (PCV10), with the 13-valent vaccine (PCV13) available for high-risk groups. In 2014, PCV13 was made available to all children, with PCV10 no longer funded. In July 2017, the switch back to PCV10 was made, with PCV13 available only to children considered at high-risk of pneumococcal disease. 7 The Institute of Environmental Science and Research (ESR) collects national surveillance data on notifiable diseases in New Zealand. Laboratories must send all invasive isolates of Hib, N. meningitidis and S. pneumoniae to ESR for verification and typing. ESR surveillance data have shown a reduction in Hib meningitis and epiglottitis and meningococcal meningitis notifications after the introduction of the Hib and MeNZB vaccines, respectively. [9] [10] [11] 14, 15 However, long-term trends in hospital discharge rates have not been reported. Defining changes in the epidemiology of invasive bacterial infections is important to inform future vaccine research priorities and policy decisions about national immunization programs. Analysis of multiple data sources is important wherever possible to strengthen evidence of any changes that occur.
The aim of this study was to analyze long-term trends in notifications and hospital discharge rates for invasive bacterial infections caused by S. pneumonia (IPD) , N. meningitidis and Hib in children from New Zealand <15 years of age, describe the impact of vaccines on rates of these diseases and compare rates in New Zealand to data from England.
METHODS

Datasets
In this population-based observational study, 2 datasets were analyzed to determine the rates of invasive bacterial infections in children from New Zealand (Table, Supplemental The National Minimum Dataset (NMDS) includes routinely collected data on hospital discharges from all private and public hospitals in New Zealand (termed hospitalizations). An extract from the NMDS was used that included diseases defined according to their International Classification of Diseases-9-CMA-II codes ( Data were compared with a recent study from the United Kingdom, which evaluated long-term trends in notifications and hospital discharges. 12 The United Kingdom has a similar public health system, with good mechanisms for data collection and a comparable infant vaccination schedule. In contrast to New Zealand, the United Kingdom has included vaccines for meningococcal disease in the national schedule since the 1999 introduction of MenC vaccination and have recently introduced a MenB vaccine.
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Statistical Analysis
Annual age-specific and age-standardized hospitalization rates and notification rates were analyzed in children <15 years of age. Diagnoses in the EpiSurv dataset were separated into "meningitis," "septicemia" or "epiglottitis." Notified cases that were recorded as unknown for "meningitis," "septicemia" or "epiglottitis" were not counted in the analysis for these diseases but were included in the analysis for total invasive disease for the 3 bacteria. The NMDS dataset did not include data for Hib disease, meningococcal disease or IPD. The rates for Hib diseases were calculated by adding the number of cases of haemophilus meningitis, epiglottitis and septicemia; the rates for meningococcal disease were calculated by adding the number of cases of meningococcal meningitis and meningococcemia; and the rates of IPD were calculated by adding the number cases of pneumococcal meningitis and septicemia.
The New Zealand estimated resident population at June 30 of each year was used, derived from Census night counts by Statistics New Zealand, 16 as our denominator to calculate rates of disease. Annual estimated resident populations were only available from 1991 onward, so rates could not be calculated on data before this. Rates of hospital admissions and notifications and 95% confidence intervals (CIs) were calculated using the direct method of standardization 17 (in 5-year age groups, confined to people younger We identified Maori children (the indigenous people of New Zealand) from the NMDS data by the prioritized ethnic code 21 and calculated hospital admission rates for Maori children younger than 15 years of age from this dataset using the Māori estimated resident population at June 30 of each year as our denominator. We were unable to establish reliable rates of disease for Pacific Island children because Statistics from New Zealand does not provide annual population estimates for this population. The small number of patients with unknown ethnicity (EpiSurv = 145, NMDS = 68) was excluded from Māori specific rates but included in total rates.
Unadjusted rates of IPD were also calculated in infants <1 year of age to analyze the burden of disease in infants and the impact of PCV in this age group, when compared with unadjusted rates for all children <15 years of age.
Statistical analysis was performed using R statistical software with the package epitools. 18 This study was approved by the University of Otago Human Ethics Committee (Health) HD15/043.
RESULTS
Annual age-standardized hospitalization rates for Hib (any type) disease in New Zealand varied between 16.45 and 0.12 per 100,000 children from 1991 to 2014. From 1993, hospitalization rates declined by 84% within 2 years (from 13.53/100,000 in 1993 to 2.19/100,000 in 1995). Hospitalization rates were similar to notification rates for Hib (Fig. 1) .
A reduction in hospitalization rates for meningitis and epiglottitis caused by Hib also followed the introduction of Hib vaccine (Fig. 1) . During the 2 years 1993-1995, there was an 82% reduction in meningitis rates (8.63/100,000 in 1993 to 1.58/100,000 in 1995) and an 87% reduction for epiglottitis (3.67/100,000 in 1993 to 0.48/100,000 in 1995). Hospitalization rates and notification rates were similar for meningitis and epiglottitis. Hospitalization rates for Hib septicemia showed a similar trend.
New Zealand experienced a prolonged national epidemic of meningococcal disease beginning in the early 1990s. Between 1991 and 1997, hospitalization rates increased 14-fold from a baseline of 4 (Fig. 2) . Hospitalization rates and notification rates for meningococcal meningitis and meningococcemia were similar during the epidemic.
Hospitalization rates for IPD in children from New Zealand <15 years of age ranged from a peak of 9.59 per 100,000 in 2001 to 2.17 per 100,000 in 2010. Within 2 years of the introduction of PCV7, rates decreased by 62%, from 7.80 per 100,000 in 2007 (95% CI, 6.01-9.95) to 2.98 (95% CI, 1.94-4.37) per 100,000 in 2009. Unlike for Hib and meningococcal disease, notification rates were 3 to 6 times higher than hospitalization rates (Fig. 3) . Notification rates ranged from a peak of 17.99 (95% CI, 15.29-21.04) in 2009 (the first full year in which laboratory notification was mandatory) to 7.48 (95% CI, 5.79-9.53) in 2013. Compared with all children <15 years of age, unadjusted rates for IPD in those <1 year of age were much greater and experienced the greatest absolute decrease (Fig. 4) .
Hospitalization rates for pneumococcal meningitis and septicemia showed similar trends to those for IPD. Hospitalization rates of pneumococcal meningitis ranged from a peak of 4. 2009 to 2014, notification rates were similar to hospitalization rates. Hospitalization rates for pneumococcal septicemia peaked in 2007 at 5.29 per 100,000 (95% CI, 3.84-7.11) and then reduced by 74% to 1.37 (95% CI, 0.71-2.39) in 2010 (Fig. 3) . Hospitalization rates for Māori children for Hib disease were similar to those of non-Māori children. Hospitalization rates for Māori children with meningococcal disease (all types) have historically been higher than those for the total population. However, during the epidemic, Māori children had substantially higher rates of hospitalization (Fig. 2) . Absolute differences in incidence between Māori and non-Māori children have decreased since the vaccine was introduced and have almost disappeared. However, there continues to be a relatively higher rate for Maori children (rate ratio 2.16 in 2013). For IPD, Māori rates were generally higher than total rates between 2001 and 2013. The rate ratio between Māori and total rates of IPD has decreased, reducing from 1.7 times higher in 2006 (10.85 compared with 6.33) to 1.3 times higher in 2013 (3.43 compared with 2.61). For pneumococcal meningitis, Māori rates were 1.65 times higher in 2001 (7.26 compared with 4.40), whereas in 2013, they were lower than total rates (1.71 compared with 1.75; Fig. 3) .
New Zealand hospitalization rates for invasive bacterial disease were generally higher than those reported in England (Table 1) . 12 Rates for meningococcal disease in New Zealand were 
DISCUSSION
The introduction of protein-conjugate vaccines has substantially reduced the incidence of invasive bacterial infections in New Zealand children. The absolute reductions in disease incidence have been greatest in Māori children but disparities still exist between Māori and non-Māori children. 19 Consistent with several other countries, 12, [20] [21] [22] Hib disease almost disappeared after the introduction of Hib conjugate vaccine to New Zealand. This occurred despite low vaccination coverage at the time 23 and demonstrates the effectiveness of Hib vaccine in reducing nasopharyngeal carriage of the organism. New Zealand's meningococcal epidemic in the 1990s was caused predominantly by a single strain of Group B N. meningitidis. 25 At the time, no meningococcal group B vaccines were available and a strain-specific outer membrane vesicle vaccine (MeNZB) was designed specifically for the epidemic. One study estimated the vaccine efficacy of the MeNZB vaccine to be 68% during the epidemic.
14 Rates of disease fell rapidly after the introduction of MeNZB vaccine, although it is uncertain how much this was vaccine related or the natural course of the epidemic. The P1.7b4 strain remains the predominant strain causing invasive meningococcal disease in New Zealand, yet despite this, rates of disease in New Zealand have remained at low levels after withdrawal of the vaccine, similar to the rates before the meningococcal epidemic. 1 One of the successes of New Zealand's national immunization program has been its impact on ethnic disparities in the incidence of these diseases. Māori children in New Zealand have consistently higher hospitalization rates for infections, including gastroenteritis, skin infections, acute rheumatic fever and meningococcal disease, than non-Māori children. 13 During the peak of the New Zealand meningococcal epidemic, rates of invasive disease for Māori, in particular meningitis, were more than 3 times those in non-Māori. 26 During the epidemic, the coverage rates (those completing 3 doses) for Maori children <18 years of age were estimated at 78%, only slightly below non-Maori (83%). 27 While rates in Māori children still remain higher than those in non-Māori, it appears that the MeNZB program played a part in reducing disparities in disease incidence, with the greatest reduction in rates of invasive meningococcal disease occurring in Māori.
For decades, the rates of IPD in Māori children had been proportionally higher than those for non-Māori, and these differences have persisted after the introduction of the vaccine. However, the greatest reductions in rates of IPD appear to have occurred in Māori between 2001 and 2013. In 2014, the absolute differences in rates of IPD, septicemia and pneumococcal meningitis between Māori and non-Māori, although still present, were no longer statistically significant.
The United Kingdom has a similar public health system to New Zealand and high-quality data collection systems for invasive bacterial infections. Their immunization program is similar to that in New Zealand, with the major difference being the inclusion of meningococcal vaccines (meningococcal C since 1999 and men B since 2016). Compared with England, 12 New Zealand has historically had higher rates of invasive bacterial disease. In the period 1997 to 2001, the rates of meningococcal disease in New Zealand were almost double those in England, almost 1.5 times higher for IPD and 20% higher for Hib meningitis. Interestingly, the rates of meningococcal disease in New Zealand dropped well below those in England from 2007 to 2011 time, despite New Zealand not having a meningococcal vaccine on its immunization schedule. New Zealand has not introduced a meningococcal C vaccine because the predominant strains in the community continue to be group B, meaning the impact of a Men C vaccine is likely to be limited. 28 The United Kingdom introduced the Men C vaccine in 1999, leading to a rapid decline in the rates of disease to very low levels. 29 It is unclear why hospitalizations for IPD in New Zealand have been substantially higher than in England over several decades. Differences in the procedures for the coding of hospitalizations may be a contributing factor. This is supported by the rates of hospitalization for pneumococcal meningitis, which our study found are more closely correlated with notifications, being similar in both countries.
ESR data on serotype-specific rates of IPD supports the notion that the reductions in rates of IPD are predominantly as a result of vaccine introduction in New Zealand. Before the introduction of PCV7 in 2008, PCV7 serotypes made up 79.5% of all serotypes causing IPD in children <5 years of age. Three years after the vaccine introduction, not only had overall rates of disease fallen substantially, but also the proportion of PCV7 serotypes causing disease was 22%.
Limitations
This is an ecologic study, and any associations between the introduction of vaccines and reductions in the rates of disease must be viewed with caution. Māori disease rates are likely to be underestimated as it is known that inaccurate coding of Māori ethnicity occurs in many health datasets. We have also assumed that accuracy of ethnicity coding has remained constant over time, and this may not be the case. Data for Pacific Island children were not examined, another very high-risk group for many different invasive infections. 19 Such information is essential if we are to accurately track disparities in ethnic-specific disease rates.
The introduction of vaccines to prevent invasive meningococcal, IPD and Hib disease in New Zealand has had a significant impact on the rates of severe infection. This study suggests that the impact of these vaccines has been greatest in the Māori population, reducing longstanding disparities in health outcomes. New Zealand currently has no plans to introduce meningococcal vaccines into the national immunization schedule and in July 2017 changed from PCV13 back to using PCV10. Ongoing accurate surveillance of invasive bacterial diseases in children remains essential.
